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STELLINGEN

I
De pgrensvlakactiviteit van polyvinylalcohol-acetaat copolymeren aan het
water-butanol grensvlak wordt in zeer belangrijjke mate door de intra-mole-
culaire vinylacetaatverdeling bepaald.

Dit proefschrift. hoofdstuk 3 en 6.

11
Voor het vaststellen van de gemiddelde polymerisatiegraad van polyvinyl-
alcohol is het gebruik van de Japanse Industriéle Standaard K 6726-1965 sterk
af te raden.

1
Ten onrechte veronderstelt TovosHiMAa dat de oplosbaarheid van polyvinyl-
alcohol in water door kinetische factoren wordt bepaald.

TovosHiMa, K. (1973) in ‘Polyvinyl alcohol properties and
applications’, ed. Finch, C. A., J. Wiley and Sons Inc., London,
p. 22 '

v
Het is een illusie dat onderzoek naar electrolyttransport door een water—olie
grensvlak kan leiden tot een beter begrip van diffusie door een celmembraan.

Dit proefschrift, hoofdstuk 4, Sen 6.

A%
De ‘ongeroerde laag’ aan een grensvlak in een geroerd systeem is een. hydro-
dynamisch gezien, onrealistische veronderstelling om mathematisch een een-
voudige, benaderde oplossing te vinden voor een overdrachtsproces. Het is
daarom irrelevant om, ter verklaring van deze laag. bijzondere eigenschappen
te postuleren voor de vloeistof dichtbij dat grensvlak.

DrosT-Hansen, W, (1971) in *Chemistry of the cell interface’,
part B. ed. Brown, H. D., Academic Press, New York. p. 92-93.

VI
De dempende werking van geadsorbeerde lagen op turbulente vioeistof-
stroming aan een vrij grensvlak is door DAVIES principieel fout uitgewerkt; één
extra aanname leidt echter tot hetzelfde, aannemelijke, eindresultaat.

Davies, J. T. (1972) “Turbulence phenomena’, Academic Press,
New York, p. 252.



VII
Ideale warmie-isolatie is met de formulering die BEEK en MUTTZALL voor de
warmteflux geven een koud kunstje,

Beex, W. J. en MuTttzaLL, K. M. K. (1975) *Transport phe-
nomena', J. Wiley and Sons Inc., London, p. 12.

VIII
De molecuulgewichten van de componenten van het menselijk factor VIII
complex zijn veeleer gelijk dan verschillend.

NEwMAN, J., Harris, R, B. and JoHNSON, A, J. (1976), Nature
263, 612-3.

1X
De methode die GROVES en SEARS voorstellen om {-potentialen te meten is niet
aan te bevelen: de argumenten die zij aandragen om de bruikbaarheid aan te
tonen zijn onjuist en bovendien zijn er principiéle, door hen niet onderkende
nadelen aan deze methode verbonden.

Groves, J. N.en Seagrs, A. R. (1975) J. Colloid Interface Sci. 53,
83-9.

X
De tegenstrijdigheden die het artikel van DEZELIC et al. bevat, zijn terug te
brengen op een onjuiste aanname over de reversibiliteit van eiwitadsorptie.

De2eni€, G., DuZeLiE, N. en TELIEMAN, Z. (1971) Eur. ). Bio-
chem. 23, 575-81.

XI
De oppervlaktegeleiding door WRIGHT en JAMES bij hogere zoutconcentraties
bepaald. moet wel met de nodige korrels zout worden genomen.

WRIGHT, M. H. en James, A, M., (1973) Kolleid-Z.u.Z. Polym.
251,745-51.

XII
Het gebruik van zakrekenmachines bij examens zou verboden of in ieder geval
genormaliseerd moeten worden.

X
In iedere telefooncel dient, naast het bij storingen te draaien nummer, ook te
worden aangegeven, waar men dit kan draaien.

B. J. R. SCHOLTENS
Wageningen, 13 mei 1977
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GLOSSARY OF ABBREVIATIONS AND SYMBOLS

ABBREVIATIONS
BiI-B5 blocky PVA-Ac copolymers (ch. 3.3)
buOH [-butanol
buwa buOH saturated with water
DSC differential scanning calorimetry
GPC gel permeation chromatography
IAM interface-active molecule
IR infrared
isobuOH isobutanol
MHS Mark-Houwink-Sakurada
ppm parts per million
PVA polyvinyl alcohol
PVA-Ac polyvinyl alcohol-acetate
PYAc polyvinyl acetate
RI.R2 random PVA-Ac copolymers (ch. 3.3)
TGA thermal gravimetric analysis
uv ultraviolet
VA vinyl alcohol
VAc vinyl acetate
wabu water saturated with buOH

SyMmBoLS

Symbols that appear infrequently or in one section only are not listed. The
numbers in parentheses after the description refer to the equation in which the
symbol is first used or properly defined. Boldface symbols are vectors or tensors.

A interfacial area (m?); (4.2-1)

a ratio of Vy and Vy; (4.2-1)

¢ molar concentration (kmol.m™~3); for (co)polymers: weight con-
centration (kg.m~3)

D diffusion coefficient (m2.s™1)

S+ mean activity coefficient; (2.3-1)

g gravitational acceleration (9.81 m.s~?)

JE I molar flux relative to v* (kmol.m~2.571); (5.2-2)

K average overall mass transfer coefficient (m.s™"); (5.2-18)

K* K% viscosimetric constants (dl.mol'/2.g~3/2}; (3.3-15), (3.3-18)

k {average) partial mass transfer coefficient (m.s™'); (5.2-14)

ki viscosimetric constant; {3.3-7)

L a characteristic length of the system (m)
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2
<

» Mn weight,viscosity and numberaveraged molecular weight (g.mol ')
distribution coefficient (= ¢1/c2)
rotation speed (s~!'), usually expressed in min~
mean degree of polymerization
sequence probability; (3.3-1)
fraction of train segments of one macromolecule
overall mass transfer resistance (s.m~1); (5.2-24)
gas constant (8.315 J. K™ Lmol™1)
retardation (K,/KF) at rotation speed ¥
partial mass transfer resistance (s.m™!); (5.2-21)
radial distance in cylindrical coordinates {m)
amount of (co)polymer spread (mg.m™2)
(absolute) temperature (K, °C)
time (s)
volume (m?)
velocity (m.s™1)
molecular weight fraction of a given sequence length n; (3.34)
mole fraction
rectangular coordinates (m)
excluded volume parameter; (3.3-20)

-
~

1

w“ﬂh‘“thx‘“‘ﬁ o 3

P

Nopox
=
™

linear expansion factor; (3.3-9)

interfacial excess amount (mol.m™2); for (co)polymers often

expressed in mg.m~?

interfacial tension (N.m ™)

adsorbed layer thickness (m)

boundary layer thickness (m)

viscosity (kg.m~1.s7?)

intrinsic viscosity (dl.g™"); (3.3-7)

fraction of the interface covered with train segments

specific conductance (R~ '.m™1)

kinematic viscosity (m?.s~?)

interfacial pressure = y, — y (N.m™!)

density (kg.m™3)

T momentum flux (kg.m™*.s72); (5.2-12); shear stress; (6.5-1)

X viscosimetric constants (mol~1); (3.3-15), (3.3-18)

¢, ¢ molar flux relative to stationary coordinates (kmol.m~2.5~1);
(5.2-3)

X polymer-solvent interaction parameter; (3.3-23)

~ R

PO TR D S

S
s

OVERLINES

- average value
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SUPERSCRIPTS

In general, the superscripts refer to the quantity or substance mentioned.
e equilibrium value

in the presence of (co)polymers

at time ¢; theoretical

molar average; (5.2-1)

=~

SUBSCRIPTS

In general, the subscripts refer to the quantity or substance mentioned.

b refers to the buwa phase
bw refers to the buwa-wabu equilibrium system
exp means an experimental value
ib refers to isobuOH saturated with water
ibw refers to mutually saturated isobuOH and water
N refers to the rotation speed in the buwa phase
0 unperturbed; at infinite dilution
r relative; (3.3-7)
r radial (6.3-1); at distance r (6.3-9)
re ratio excess; (3.3-7)
w refers to the wabu phase
n determined by viscosimetry
o interfacial property
DIMENSIONLESS GROUPS
Re Reynolds number = vpL/n
Se Schmidt number = u/(pD)
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I. INTRODUCTION

1.1. POLYMER ADSORPTION

In the last two decades, many theoretical and experimental studies have been
performed on the mechanism of polymer adsorption and on the conformation
which polymers attain at interfaces.

These studies are important not only from a purely scientific point of view,
but also in relation to the variety of different applications of polymers at inter-
faces: as stabilizers of emulsions, foams and suspensions, as flocculation
agents, adhesives, wetting agents and also as soil improvers. To comprehend
this wide variety of effects brought about by polymer adsorption, a basic
knowledge of the adsorption mechanism and of the detailed structure of the
adsorbed macromolecules is indispensable.

Several different theoretical models, all based on a statistical thermodynamic
approach, have been proposed to describe the final adsorption state. These are
mainly applicable to homopolymers. The general acceptance of any of these
models has been hampered by either the severe difficulty in experimental
verification or the limited applicability of the theory itself. These different
approaches and their results have been reviewed and discussed by STROMBERG
{1967), VINCENT (1974) and LipATOV and StRGEEvVA (1974 & 1976). For a more
complete theoretical introduction we refer, therefore, to these reviews.

Fortunately, general agreement exists on some of the theoretical aspects of
homaopolymer adsorption from not too poor solvents:

I. In spite of large differences in adsorption energy, polymers are able to

adsorb at many dissimilar interfaces. This is attributed to the large number
of segments per molecule that may gain free energy upon adsorption. However,
as adsorption is, under the given circumstances, usually attended by a loss of
entropy, it is generally assumed that there exists a critical minimum adsorption
energy per segment below which no adsorption takes place. It must be remem-
bered that there is not always an overall loss of entropy for the whole system,
due to solvent or reconformation effects,

I1. Usually, only portions of the segments are in direct contact with the

interface in what are called trains, whereas the remainder sticks out into
the solution as loops and tails. This explains why much more polymer material
can be accomodated at the interface than necessary to form a flat monolayer.
III. The structure of the adsorbed layer depends mainly on the polymer-

solvent, polymer-interface and polymer-polymer interactions, and, in
addition, on the chain flexibility, the mean molecular weight and the concentra-
tion of the polymer.

The parameters that have mainly been used to characterize the confor-
mation of adsorbed polymers are:

Meded. Landbouwhogeschool Wageningen 77-7 {1977) 5



a) the total interfacial excess of adsorbed polymer, I', usually expressed in
mg.m™?;

b) the average fraction of train segments of one macromolecule, p;

¢) the fraction of the interface covered with train segments, 8;

d) the segment density distribution as a function of the distance to the inter-
face, p(z);

e) the adsorbed layer thickness, 4.

These parameters are not all independent: e.g. the polymer conformation is

fully characterized by the interfacial area A and p(z).

Many experimental studies have been performed to verify the different
theoretical approaches and to relate the experimentally accessible parameters
I, p, 8 and A with the factors that determine the structure of the adsorbed
polymer layer (as mentioned under III}. The following methods and technigques
have been applied to obtain the various characteristics:

1. interfacial tension (y) measurements, or determination of the difference
in polymer concentration before and after adsorption (or spreading), as

well as direct measurements of the interfacial concentration {(e.g. ADAMS et al.,

1971), to obtain I';

2. microcalorimetry {(e.g. KILLMANN and WINTER, 1975; NorpDE, 1976) and

electrical double layer measurements {e.g. KooPAL and LYKLEMA, 1975)
as well as infrared (IR ; e.g. FONTANA and THoOMAS, 1961), electron spin reson-
ance (ESR; Fox et al., 1974; RosB and SMITH, 1974} and nuclear magnetic
resonance spectroscopy (NMR; MivamoTo and Cantow, 1972; CoOSGROVE
and VINGENT, 1977), to determine p or &;

3. ellipsometry (e.g. STROMBERG et al., 1970), measurements of the thickness
of free polymer films (SONNTAG, 1976; VAN VLIET, 1977) and hydrodynamic

measurements {e.g. FLEER, 1971; GARvEy et al,, 1974 & 1976), to obtain 4;

4. Monte Carlo simulation calculations (e.g. CLAYFIELD and Lums, 1974;
CLARK et al., 1975) that may, in principle, yield all these parameters.

Consequently, there seems to be a luxury of methods to test the theories;
however, most of them are of rather limited applicability or provide only
indirect information. We shall first consider the more general restrictions that
inherently limit the application of these theories to the true adsorption process.
— One of the thwarting problems in polymer adsorption is the frequently

established irreversibility of the adsorption process on the time scale of an
experiment. However, the consequences of this phenomenon have repeatedly
been neglected. Irreversibility implies, in any case, that the application of
thermodynamic approaches, so also the use of statistical thermodynamics, is
not allowed for a description of the actual adsorption state. It must also be
realized that a steady state does not necessarily imply thermodynamic equili-
brium.

— A closely related inconvenience inherent in polymer adsorption are the
long relaxation times that may arise during the process. Although it is

6 Meded, Landbouwhogeschool Wageningen 77-7 (1977)



generally assumed that reconformations of adsorbed polymers are the main
cause of these frequently observed time effects, diffusion to the interface may
also contribute to this phenomenon, but only at very low polymer concentra-
tions. It is cbvious that, mostly, the relaxation times for I', p and 4 are different.
Thus, I or 4 may have a steady value, whereas p is still changing due to intra-
molecular reconformations.

Besides these rather universal limitations encountered in investigating
polymer adsorption, all of the methods mentioned before have their specific
restrictions as well:
ad 1. The measurement of y is restricted to liquid-liquid or liquid-gas inter-

faces. In addition, application of Gibbs' adsorption law leads to im-
probably low values for the interfacial area per molecule, and is not allowed
when the adsorption is irreversible. This point has been stressed by LANKVELD
and LYKLEMA (1972); they proposed a local reversibility between segments in
loops and trains. Therefore, 8y must be primarily related with the sub-interface
concentration, This new unknown parameter is only related to the bulk con-
centration provided the conditions of bulk and interface remain unchanged.

The measurement of changes in bulk concentrations is almost completely
limited to systems with large interfacial areas (foam, sol, suspension or emul-
ston), but radiolabelled polymers can increase the applicability of this method.
The determination of the available interfacial area is a separate problem, as
it may depend on the cross-sectional area or on the adsorption free energy of
the adsorbing molecules.
ad 2. Microcalorimetry and double layer measurements may both yield in-

formation concerning p or 8. However, these methods are indirect, as
several assumptions must be made in the interpretation of the measured
quantities.

All spectroscopic techniques are very direct. They seem promising for large
solid-liquid interfaces. With IR spectroscopy, it is assumed that all adsorbed
segments, and only these, give rise to a shift in IR absorption. Therefore, p
and @ will be underestimated with this method. In addition, the method is
limited to solvents that do not absorb IR radiation appreciably and to systems
with low scattering.

In ESR spectroscopy, the incorporation of a spin label in the polymer and
the analysis of the signal are the limiting factors, whereas the main problem
with NMR spectroscopy is the sophisticated equipment required. Both
methods detect a decrease in segmental motion. Since small loops also display
restricted motion, they will partly be counted as trains. Consequently, both
methods will overestimate p and 6.
ad 3. Ellipsometric measurements are mainly confined to systems with a

large difference in refractive index between the adsorbed layer and the
substrate. In addition, the latter must have a macroscopic and very homo-
geneous surface. A root mean square thickness can be calculated for the actual
polymer film from the measured value of an equivalent homogeneous film
thickness by assuming a function for p(z).
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Measurements of the thickness of free polymer films constitute a new
interesting tool for the study of polymer adsorption at gas-liquid interfaces.
In general this method will give too high values for 4 due to the polymers that
may have been stuck to adsorbed ones during the draining process.

Viscosity, ultracentrifugation or electrophoresis measurements of bare
and covered particles yield a hydrodynamic layer thickness that can be trans-
formed into a value for 4 after some assumptions have been made.
ad 4, The Monte Carlo method allows the theoretical simulation of all con-

figurations of a reversible system assuming a certain model. This can
also lead to the determination of all thermodynamic properties of the system.
The method seems promising, but has, as a result of the enormous computer
requirements, up to now only been applied to one isolated polymer near an
interface. As it is well known that the configuration of a single macromolecule
is not typical for — and may be very different from - its configuration in an
assembly of macromolecules in an adsorption layer, where inter-molecular
interactions play an important role, the method has, up to now, only been of
limited use. In addition, this method will always suffer from the approxima-
tions used to simplify the model (e.g. lattice model, perfect flexibility, no self
exclusion).

1.2. OBIECTIVES OF THIS STUDY

From the preceding section it can be inferred that only measurements of
y and I' are available to characterize macromolecular adsorption at liquid-
liquid interfaces. However, these methods are not so very informative and
have only limited applicability. Obviously, there is an urgent need for new
experimental methods to characterize and elucidate polymer adsorption at
liguid-liquid interfaces. Of course, this field of polymer and interface science
is also of special interest to biochemists and technologists.

Recently, DE JONGE-VLEUGEL and BusternoscH (1973) have proposed a
quite unconventional technique to determine the degree of coverage, 6, of a
liquid-liquid interface. They measured the rate of transport of electrolytes
through the interface between mutually saturated water and 1-butanol in a
stirred transport vessel. The presence of polyvinyl alcohol in the water phase
appeared o decrease this rate drastically. This retarding effect was attributed
to polymer adsorption at the liquid-liquid interface, and the decrease was even
related directly to 6.

The aim of the present study is to further elaborate this approach and to
attempt to prove the hypotheses that de Jonge-Vleugel and Bijsterbosch had
to make in the interpretation of their measurements. In addition, we intend to
use this method, together with the conventional techniques, to characterize the
conformation of macromolecules at a liquid-liquid interface.

To obtain a better insight in the factors that may retard the transport rate,
we first have made an analysis of the rate-determining step without adsorbed
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polymers. With some preliminary experiments, we were able to demonstrate
that the complex hydrodynamic conditions near the interface play a crucial
role in the transfer process (SCHOLTENS and BUSTERROSCH, 1976; this study,
chapter 4).

A lot of very relevant information on these phenomena could be obtained
from the basic principles of chemical engineering. Therefore, we have made a
thorough literature study on the fundamenials of diffusion, forced and spon-
taneous convection and on the influence of interface-active molecules there-
upon. These aspects and the relevant experimental results taken from this
discipline will be discussed in chapter 5.

LANKVELD and LYKLEMA (1972) found that, for polyvinyl alcohol, the ad-
sorption at the water-paraffin interface is rather insensitive to the molecular
weight of the polymer. They did measure, however, large differences in inter-
facial activity due to variations in the ever-present vinyl acetate groups in
polyvinyl alcohol. We have found that different preparations with an almost
identical acetate content and molecular weight still may display very different
interfacial activities (chapter 4.3). An objective of the present study is, there-
fore, to investigate systematically the influence of not only the acetate content
on the adsorption process, but also of the intra-molecular acetate distribution.
For that purpose, we have prepared and characterized seven polyvinyl alcohol-
acetate copolymers, differing only in acetate content and distribution (chapter
3). It will be shown that it is especially this intra-molecular acetate distribu-
tion that plays an important part in the solution and interface properties of the
copolymers. :

Finally, we shall describe the KC1 transport measurements in a transport
vessel with an tmproved flow pattern near the iquid-liquid interface (chapter 6).
The effect of the different copolymers on the transport rate will be investigated.
These measurements and the applicability of the proposed method will be
discussed and related to the results obtained in the preceding chapters.
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2. MATERIALS

2.1. GENERAL

In this chapter we have collected the relevant data on the materials used,
with exception of the macromolecular preparations, which are treated in
ch. 3. In particular, the physical properties of mutually saturated water and
1-butanol (wabu and buwa) and their KCl solutions are discussed. Con-
sequently, our attention is not diverted by these considerations in subsequent
chapters.

Unless otherwise stated, the quality of the chemicals was A.R. and the walter
was distilled once. KCl, K2COj (laboratory grade), 1-propanol, 1-butanol
{buOH), 1-decanol, pyridine and stearic acid were obtained from E. Merck
AG; isobutanol and acctic acid anhydride from J.T.Baker Chemicals BV
sodium dodecylsulphate and saponin (laboratory grade) from BDH Chemicals
Ltd.; l-octanol and polyethylene glycol (PEG 4000, practical) from Fluka
AG; sodium oleate (pure) from Brocades-Stheeman & Pharmacia; Span 80
from Atlas Powder Co., and e-aminocaproic acid from Aldrnich Chemical
Co. Inc.. Chromatography materials like Sephadex G-75, G-200 and Biue
Dextran as well as K 25/100 and X 50/100 columns were obtained from
Pharmacia Fine Chemicals. Poval PYA (Kuraray) was kindly supplied by
Mitsubishi Intermational GmbH, and Polyviol PYA by Wacker Chemie
GmbH.

All glassware used was cleaned successively with chromic acid, dilute nitric
acid, tap water and, finally, with distilled water, If necessary, the volumetric
glassware was calibrated by weighing,.

2.2, 1-ButanoL

BuOH was always distilled before use. After completion of an experiment,
the buwa solution was dehydrated with K;COQO3 and the buOH was recovered
by distillation; in general, the middle fraction (b.p. = 116-118°C) was used
again.

The relevant physical properties of water, buOH and their mutually saturat-
ed solutions as determined in this study are collected in table 2.2-1. The buOH
fractions used for these measurements were distilled between 117 and 117.5°C.
Buwa and wabu solutions were made up by shaking required amounts of the
components in a thermostatted water bath controlling to +0.02°C. To ensure
saturation, there was always a small excess of the relevant component. After
equilibration, they were kept in the bath for at least one day, in order to get
clear solutions. The absclute densities (p) were measured with a pycnometer
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TABLE 2,2-1. Physical properties of water, wabu, buwa and buOH at two temperatures.

mole fraction absolute  viscosity 5 kinematic
: density p viscosity v

Xwater XouoH kg. m™® kg.m™'.s7! m?.s7?
T = 20.00 £ 0.02°C
water 1.000 0.000 998.2 1.002 x 107% 1.004 x 10°%
wabu 0981 0.019 987.3 1435 x 1073 1454 x 10°¢
buwa 0.503 0.497 847.6 3.394 x 1072 4.004 x 10°¢
buOH 0.000 1.000 809.8 2948 x 1073 3.640 x 10°°
T =2500 4 0.02°C
water 1.000 0.000 997.1 0.890 x 107* 0893 x 10~¢
wabu 0.982 0.018 986.7 1.215 x 107% 1231 x 10°¢
buwa 0.505 0.495 844.1 2893 x 1072 3427 x 10°°
buOH 0.000 1.000 806.2 2590 x 1073 3213 x 1076

that was calibrated with boiled distilled water. The viscosity of the solutions
was determined as described in ch. 3.3.4. All data are the mean value of at
least three independent measurements leading to estimated inaccuracies of
less than 0.2 kg.m ™3 for the density and less than 2 x 10~% kg.m~'.s7! for
the viscosity data.

The solubility of buOH in water decreases with increasing temperature,
while the reverse holds for the solubility of water in buOH. It is notable that
buwa is more viscous than buOH, which may be due to hydrogen bonding
between water and the alcohol molecules. It is highly uncertain, however,
whether these observations allow any conclusions to be drawn as to the struc-
ture of the wabu and buwa solutions (FRANKS and IvEs, 1964).

2.3. KCl soLuTiONs

Unknown concentrations of KCl solutions were determined by conducto-
metric titration with a standard AgNO3 solution. To that end, a 10 ml sample
of the KCl solution was pipetted. In order to decrease the solubility of AgCl,
10 ml ethanol was added and the solution was made up to 100 ml with distilled
water. The titration of this solution was performed with a Metrohm Herisau
Potentiograph (E 436), that was connected to an automatic buret (Metrohm
Herisau E 436-D) and that recorded the conductivity with a conductivity
meter (Philips PR 9510 cell with PW 9501 meter).

The distribution coefficient of KCl between buwa and wabu (mpw = cf/ct)
at 25.00 40.02°C was determined for the concentration range 0.02-0.15
mol.l™! in the water phase (fig. 2.3-1); ms. can be considered to be constant
within the range 0.04-0.15 mol.1"! and to amount to 1.72 x 1072, The KCl
solutions were equilibrated in the same way as described in ch. 2.2,
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F1G. 2.3-1. The distribution coefficient of KCl between buwa and wabu as a function of the
cquilibrium KC1 concentration in wabu (25.00 4 0.02°C).

Some useful physical properties of the equilibrated KCl solutions in wabu
(0.100 M} and in buwa (1.72 mM) — the limiting values for a normal transport
experiment — are summarized in table 2.3-1. Evidently, the solubility of water
in buOH at 25°C decreases slightly with increasing KCl concentration (com-
pare to table 2.2-1). The low value of my,. means that the composition of wabu
with respect to water and buOH may be considered to be constant during a
normal transport experiment, while ¢ decreases with less than 29. The
variation of the absolute density of KCl solutions of wabu and of their equili-
brium buwa solutions with the Kl concentration in the wabu phase can
be seen in fig. 2.3~2. Linear regression analysis of the data yielded dpw/dck® =
0.0499 kg.mol ™! and dps/dckt = -0.477 kg.mol .

In general, the diffusion coefficient of an electrolyte, D, is dependent on its
concentration, ¢, and mean activity coefficient, f1 (e.g. MONK, 1961). At low
concentration, this can be expressed by:

D = D, (1 + 0Infy/dInc) (2.3-1)

where D, 1s the diffusion coefficient at infinite dilution of the electrolyte (f+ =
1). During a transport experiment, D5 can safely be taken constant due to the

TasLE 2.3-1. Physical properties of 0.1 M KCl in wabu and its equilibrium buwa solution at
25.00 + 0.02°C.

mole fraction absolute  viscosity n kinematic
density p viscosity v
Xuwarer XbuOH kg.m™* kg.m '.s"! m? g7t
0.100 M KC1
in wabu 0.980 0.018 91.7 1201 x 107 1211 x 1079
1.72mM KCl
in buwa 0.502 0.498 8433 2.868 x 1073 3.401 x 10°¢
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F1G. 2.3-2. The absolute densities of KC1 solutions in wabu and of their equilibrium buwa
solutions as a function of the equilibrium KC1 concentration in wabu (25.00 & 0.02°C).

small variation of ¢5¢'. On the contrary, a considerable change in /5 may be
expected over the concentration range ¢f< = 0 to 1.72 mM because of the
much lower relative dielectric constant (gs) of this medium. In order to deter-
mine [ and 8 In /58 In £, we applied the Debye-Hiickel theory, which
accurately predicts /5 in water for concentrations up to 0.1 mol.l”! (Mac-
INNES, 1961 p. 164):

A !{c
1+ Bayfe
where A and # are constants for a given solvent, and a is the distance of closest
approach of the oppositely charged ions. 4 and § depend on the relative
dielectric constant of the solvent and on the absolute temperature. The Kirk-
wood theory (HasTED. 1973) was applied to estimate & and ¢, using known
values for water and buOH at 25°C (HANDBook, 1972). This resulted in
£o = 73 and & = 27.4. which is in good agreement with experimental values
for mixtures of water with I-propanol or isobuOH of the same molarity
(FrANKS and Ives, 1964). With these estimated values of €, 4 and § were cal-
culated for both phases from their values for water at 25°C (MACINNES, 1961
p. 144). In table 2.3-2, /4% and 2 In f4/8 In f' are summarized for different
K Cl concentrations. 1t can be inferred that, during a normal transport measure-
ment, DE will decrease by 69 at most.

The considerable decrease of /A in buwa in the concentration range is due
to the low value of £ this makes the interactions between the ions relatively
strong, and suggests that incomplete dissociation of KCl in buwa should also
be considered. Very accurate conductance measurements are essential for
calculating the dissociation constant (MACINNES, 1961; MoNK, 1961; DAvIEs,
1962 ; NasH and Monk, 1958). The conductivity measurements in the present
study do not have the required high absolute accuracy. Possible stray capa-
citance and polarisation effects were avoided by the usual methods, but

_logfi = (2.3-2)
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TABLE 2.3-2. Activity coefficients of KClin wabu and buwa at 25°C.

Phase &% (mol . 171 S & 1n f58 In cf ")

wabu 0.100 0.752

buwa 0.0002 0.926 —0.027
0.0005 0.887 -0.057
0.0010 0.847 -0.078
0.0014 0.823 -0.090

*} Calculated with the Debye-Hiicke! theory (2.3-2), using:
Aw = 0.564 1'% mol =72, Bua = 138612, mol~!/?
Ay = 24512 . mol ™72, fa = 2.2651'/? _ mol™ "2,

the measurements are considered mainly valuable as a way of determining the
concentration of KCl in buwa. Despite possible objections, the extended form
of the limiting Onsager-Fuoss equation (e.g. MONK, 1961) was applied to the
data. For KCl concentrations up to 6 x 10™3 mol.1"! in buwa, no association
could be inferred. At 10~ 2 mol.1 ™, the method failed in determining an associa-
tion constant, probably due to the erroneous effects mentioned above. Results
from NasH and Monk (1958) and MAcCInNEs (1961 p. 215) for KCl and HCI
in solutions of comparable ¢ also suggest that KCl is completely dissociated even
at this low ¢ and relatively high concentration.

A continuous registration of the KCl concentration in buwa (¢f) is possible
by measuring the specific conductance ( xf®") in this phase. This requires a
standard graph of the relation between xf“ and f. The procedure to ob-
tain the data for such a graph was as follows. The experimental set-up was the
same as with a normal transport measurement (ch. 4). The stirrer was stopped
intermittently and xK® was determined when the phases were stationary. A
sample was pipetted near the conductance cell, and xf" was determined
again. The KCI concentration of the sample was found by conductometric
titration as described before. A rather unconventional plot was made of the
Kl concentration against the mean value of the two determined specific
conductances (fig. 2.3-3). With a curve fitted by regression analysis, the
following relationship was established for the concentration range between 0.1
and 1.6 mmol.l™!:

o = 0.03614 ( kFN)-13% mmol .17¢ (2.3-3)
where «f¢ is expressed in uQ~! .em™'.
For higher KCl concentrations {between 2 and 10 mmol . 171), the follow-

ing formula holds:
ef = 0.0204 ( kN3 mmol . 17! (2.3-4)

A few transport experiments will be described with isobuOH instead of
buOH (see ch. 6). For the distribution coefficient of KCl between the mutually
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FiG. 2.3-3. The KC1 concentration in buwa as a function of the specific conductance of that
solution (25.00 £ 0.02°C).

saturated phases (mww = cip/ch), the value of 9.47 x 10™2 applies when the
aqueous equilibrium concentration is 0.1 mol.17 !,

In the concentration range of 0.05 to 0.90 mmoll™! KCl in the isobuQH-
water phase, the following relation was obtained:

B = 0.0356 (k51192 mmol . 17? (2.3-5)
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3. POLYVINYL ALCOHOL AND POLYVINYL
ALCOHOL-ACETATE COPOLYMERS

3.1. GENERAL PROPERTIES

Polyvinyl alcohol (PVA) is a water-soluble non-ionic polymer with a wide
varicty of industrial applications. A relatively simple chemical structure
(~(CH2CHOH)»-) has led to its use as a model compound for hydrophilic
polymers in physico-chemical studies (GLaSs, 1968; LANKVELD, 1970; FLEER,
1971; BELTMAN, 1975; GARVEY et al., 1974 & 1976; KooraL, 1977; VAN VLIET,
1977). The commercial samples generally used for these studies may be consi-
dered to be copolymers (PVA-Ac), since they contained up to 159 vinyl
acetate groups.

The following reviews deal with the properties and applications of PYA
and PVA-Ac: PRITCHARD (1970} and FincH (1968 & 1973a).

The preparation of PV A is usually started with the polymerization of vinyl
acetaie (VAc). This can be carried out as bulk, solution, emulsion or suspen-
sion polymerization, usually free radical initiated. Many important properties
and irregularities of the resulting polymer originate from this first step, e.g.:
molecular weight distribution, stereoregularity and the presence of branching,
carbony! groups (> C = 0), 1,2-glycol groups (-CH;CHOH-CHOHCH;-),
(conjugated) double bonds and terminal carboxyl groups (ZwICK and BoCHo-
VE, 1964; FRIEDLANDER ¢€i al., 1966; HACKEL, 1968; Funy, 1971; Noro, 1973a;
ADELMAN and FErGuUson, 1975).

During polymerization, branching may take place by chain transfer directly
from the C-C backbone or via an acetate side chain (Noro, 1973a). It has often
been established experimentally that the original PYAc has a higher average
degree of polymerization P than the fully saponified product derived from it.
Reacetylation of PVA results in PVAc with the same P as the saponified
product. This is strong evidence for the occurrence of side chains attached to
ester groups of PVAc that split off during saponification. However, there is no
unanimity in the estimation of the velocity constants of the transfer reactions,
and thus in establishing the relative frequency of occurrence of the two types
of side chains (Noro, 1973a). Fuin (1971) and Finca (1973b) assumed that the
amount of side chains in PVA is small. FRIEDLANDER et al. (1966} and NOZAKURA
et al. (1972a & b), however, showed that branching in PYA may amount to
a considerable weight fraction of the total.

Head-to-head polymerization results in 1,2-glycol groups in PVA. The
proportion depends on the polymerization temperature and on the degree of
conversion (Noro, 1973a). Commonly, PVYA and PVA-Ac contain about
0.5-1.5 mole % of these irregularities (PRITCHARD, 1970; TovosHIMA, 1973)
which decrease the crystallinity and the melting point of PYA and PVA-Ac.
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Termination of the polymerization usually takes place by disproportiona-

tion. The nature and number of end groups can vary considerably, depending
a.0. on the type and amount of catalyst employed and on the number of
hydrolysable branches. However, since the total amount of end groups is
usually very small, they will not markedly affect the overall properties of the
(co)polymers.
. Various saponification methods can be applied to convert PVAc into
PVA-Ac and PVA. Of these, alcoholysis (in methanol) and hydrolysis (in
acetone-water mixtures) are the most important (HACKEL, 1968; SAKURADA,
1968; Noro, 1970 & 1973b). In both cases, acid or alkaline catalysis can be
employed. PVA-Ac can also be obtained by reacetylation of PVA (BERESNIE-
WICZ, 1959a; HAvasHI et al., 1964a & 1965a; TuBss, 1966; SAKURADA, 1968).
Since all hydrolysable side chains have been split off in PVA, incompletely
saponified PVA-Ac may be more branched than PVA or reacetylated PYA-Ac.
Therefore, these copolymers may differ in branching and molecular weight
distribution. The different methods of hydrolysing PVAc have a pronounced
influence on the formation of structural irregularities and (for PVA-Ac) on the
sequence length distribution of residual acetate groups.

Acid-catalysed hydrolysis and alcoholysis sometimes lead to unstable end
groups, conjugated double bonds or carbonyl groups. This is due to the
elevated reaction temperature, the presence of H* and O3, and the low rate of
hydrolysis. The residual acetate distribution is random (HACKEL, 1968;
SAKURADA, 1968; Noro, 1970).

Alkaline catalysis is much faster and produces less structural defects. The
reaction is autocatalytic, due to accumulation of catalyst near hydroxy!
groups of PYA-Ac. This results in a blocky*) distribution of the residual acetate
groups (BERESNIEWICZ, 1959b; SAKURADA, 1968; SHiraIsHI and TOYOSHIMA,
1973). Noro (1970) found that the more heterogeneous the reaction medium
the more blocky is the intra-molecular acetate distribution and the broader is
the inter-molecular degree of acetylation (see also BERESNIEWICZ, 1959b):
during hydrolysis, the copolymer precipitates (the molecules with the highest
molecular weight first), and the reaction continues on the solid phase by
alkaline catalyst adsorbed near hydroxyl groups. The more apolar the solvent,
the quicker this adsorbed phase reaction starts, which, in turn, increases the
effect on the intra- and inter-molecular acetate distribution. This mechanism
explains the common experimental observation that the high molecular weight
fractions have a lower acetate content than the low molecular weight fractions
of the same sample (BERESNIEWICZ, 1959b; BRAVAR et al,, 1974).

*} In this study, the following types of copolymers are distinguished :

- random copolymers: the different monomer units are spread randomly (= statistically)
over the chain;

~ blocky copolymers : the average length of a series of the same monomer units is Ionger
than for a random copolymer;

~ block copolymers : contain only one series of the same monomer units and thus at most
two of the other.
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Reacetylation in a homogeneous medium (an aqueous PVA solution con-
taining acetic acid) has a very low reaction rate and results in a random acetate
distribution (SAKURADA and SAKAGUCHL, 1956; HAyvAsHI et al., 1964a & 1965a,
see NORo, 1973b). PVA can also be esterified with acetic acid anhydride in hot
pyridine, that serves as a catalyst and swelling agent {BERESNIEWICZ, 1959a;
PrRITCHARD, 1970). The acetate distribution resulting from this reaction has
never been investigated as far as we know, but because of the inhomogeneity
of the system this may well be blocky.

The intra-molecular acetate distribution governs important physical proper-
ties of the copolymer, e.g.: crystallinity, melting point (Tuess et al., 1968), rate
of dissolution and solubility in water (MoORE, 1968) and interfacial activity
(HavasHI et al., 1964 & 1965; TovosHMA, 1968 ; Noro, 1970; SHIRAISHI, 1970).
Qualitative and semi-quantitative information on this distribution can be
obtained from IR spectroscopy (NaGAl and SAGane, 1955; Tusss, 1966,
TsUNEMITSU and SHOHOTA, 1968), thermal analysis (Tuess, 1966), colour
intensity of the complex with iodine (HavasHi et al., 1963; ZwIck, 1965) and
emulsion stability and adsorption studies (HAvasHi et al., 1964 & 1965;
TovosHMA, 1968 ; SHIRAISHI, 1970; Noro, 1970).

The solubility and rate of dissolution of PV A and PV A-Ac in water are rather
complex matters. Although the heat of dissolution of PVA becomes less negative
with increasing temperature, PVA has to be dissolved in water at elevated
temperatures to achieve a reasonable rate of dissolution. The many ~-OH groups
of the polymer have a high affinity for water, but strong inter- and intra-mole-
cular hydrogen bonding in the solid (the crystalline regions) extensively siow
down the rate of dissolution. A temperature near the boiling point of water is
needed, or at any rate above the glass temperature of PVA (£ 75°C) to break
the internal hydrogen bonds in the solid and to dissolve the polymer. Accor-
ding to Matsumoto and IMar {1959) stirring is needed for a few hours at
95-98°C to dissolve PVA uniformly, otherwise the solution is not stable and
shows a striking increase of viscosity with time.

Factors that oppose these internal hydrogen bonds also influence the solubil-
ity characteristics. The most important of these are stereoregularity and the
presence of acetate groups, branching and other structural irregularities. It is
most probable that the crystallinity of PVA proceeds in the order highly
syndiotactic > atactic > isotactic (FINCH, 1973a p. 216). All commercial
samples are derived from vinyl acetate and are essentially atactic (TINCHER,
1965; SAKURADA, 1968; Fumt, 1971; FincH, 1973a p. 209). For this reason,
differences in solubility behaviour between these samples cannot be attributed
to differences in tacticity. Branching and structural irregularities decrease
the crystallinity in the solid and facilitate dissolution, but usually the amount
of these defects is low in PVA, and so they do not play an important role. The
only remaining and probably the most important factor that can influence
internal hydrogen bonds is the acetate content of the copolymer. PYA-Ac may
have an acetate content up to about 30 mole %, without losing its solubility in
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water completely, but the VAc groups have a pronounced influence on the
detailed solubility characteristics. The decrease in crystallinity of the solid due
to bulky acetate groups facilitates the dissolution of the copolymer at lower
temperature. but the hydrophobic character of the VAc groups leads to the
critical temperature of phase separation of the copolymers decreasing with
increasing acetate content (SHAKHOVA and MEERSON, 1972).

The final PYA and PVA-Ac solutions also behave differently at room
temperature. In spite of the radical dissolution procedure, it is most probable
that even dilute PVA solutions form aggregates at room temperature due to
inter-molecular hydrogen bonds (PRITCHARD, 1970; GRUBER et al., 1974;
KLENIN et al., 1974; KOLNIBOLOTCHUK et al., 1974). Probably, water is not a
very good solvent for PVA, substantiated by the high value of the solvent-
polymer interaction parameter y in very dilute solutions (0.50 found by
Kawar, 1958, and 0.49 by FLEER, 1971), a relatively high Huggins coefficient
{MATsUMOTO and IMAlL, 1959; this study ch. 3.3.4) and a low exponential factor
in the Mark-Houwink-Sakurada relation (PRITCHARD, 1970). The same fac-
fors that decrease the crystallinity of solid PVA and PVA-Ac (and increase
the rate of dissolution) prevent aggregation in solution; thus, by introducing
acetate groups in PVA. the stability of its solution is increased but the temper-
ature of phase separation is lowered. The intra-molecular acetate distribu-
tion is of importance in improving the solubility characteristics of PYA-Ac.
A single block of vinyl acetate groups has no effect on the rate of dissolution,
and block copolymers precipitate in water when the insoluble vinyl acetate
block is too long (TuBss et al., 1968 ; SHIRAISHI, 1970). Thus, a random distribu-
tion seems to be most effective in decreasing the crystallinity of the solid and in
stabilizing aqueous PVA-Ac solutions. The behaviour of blocky copolymers
lies in between these extremes, and depends on the average sequence length and
on the inter-molecular acetate distribution. The broader this distribution, the
lower is the average acetate content needed to achieve phase separation at a
given temperature.

Addition of 1-propanol or 1-butanol to an aqueous PVA solution increases
its stability, although the polarity of the solvent decreases (WoLFRaM and
NagGy, 1969). This has been explained by assuming, in addition to hydrogen
bonds between mutual ~-OH groups, hydrophobic interaction between the
alkyl chain of the alcohols and the non-polar basic chain of PVA. The tem-
perature of phase separation of PYA-Ac is lowered by these additives (SHAK-
Hova and MEERSON, 1972).

In conclusion, it can be stated that an elevated temperature is required to
dissolve PVA in water and that aggregates are formed in PVA solutions at
room temperature. Probably, water is a poor solvent for PVA. By introducing
acetate groups in PVA, the rate of dissolution is increased, the aggregation in
solution prevented, and the temperature of phase separation lowered. The
more random the acetate distribution, the greater is this influence of the
acetate groups on the solubility characteristics.
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